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8. Abstract
Herein, a novel intramolecular N-heterocyclic diazaborole FLP complex utilizing boron(III) as the
Lewis acid and a pyridyl nitrogen tether as the Lewis base will be presented. It was postulated that the
formation of NHBmes can occur after reducing a 1,2-bis(imino)acenaphthenequinone based 𝛼-diimine to
the dianionic 𝛼-diamine by a strong reducing agent like metallic sodium. Efforts to reduce the diimine were
successful; however, subsequent attempts to form NHBmes using a 3-coordinate borane were slow and
low-yielding. Additional mechanistic elucidation revealed that the first transition state in the formation of
NHBmes featured a species that resembled a borinium cation. Consequently, the formation and subsequent
addition of a borinium compound to the reduced dianionic diamine yielded more pure NHBmes in more
appreciable yields, and its reaction mechanism was elucidated. H, F, B, COSY, DOSY, and HSQC NMR
1

19

11

spectroscopy were utilized to characterize the novel NHBmes complex successfully.

xv

9. Introduction
9.1. Frustrated Lewis Acid/Base Pairs & Small Molecule Catalysis
Small molecules like CO, CO2, N2, and H2 are ubiquitous throughout our atmosphere, making them
valuable reagents in synthesizing value-added products. Homogeneous catalytic processes like olefin metathesis, hydrogenations, and 𝜎-bond activation commonly utilize the aforementioned small molecule feedstocks on an industrial scale.1,2 The high demand for small molecules is driving the rapidly growing field of
small molecule catalytic design away from transition-metal-based systems in favor of main group, lowvalent p-block complexes, like frustrated Lewis acid/base pairs (FLPs). Specifically, metallomimetic
FLPs—FLPs that mimic their transition metal (TM) congener’s electronics and reactivity—have been favored.3–10
It is important to note that FLPs can contain transition metals, which is essential in understanding
the design of purely main group FLPs. These TM-based FLPs commonly feature the TM as the LA, with
the LB and its substituents tuned to modulate the strength of the resulting frustrated coordinate covalent
interaction. The information gained through the characterization and mechanistic elucidation of these TMbased FLPs is invaluable. It can be directly applied to purely main group FLP design, with a general goal
of mimicking the TM-based FLP's orbital interactions with substrates.
FLPs are similar to Lewis acid/base adducts but differ in their inclusion of sterically bulky Rgroups, which prevent traditional adduct formation, forming a coordinate covalent interaction (Figure 1).
The replication of the chemistry of transition metals is a common goal of modern FLPs. The reactive

1

properties of transition metals are derived from their bifunctional ability to accept electron density from a
substrate and simultaneously donate electron density to the antibonding orbitals through back-bonding interactions.11 Replicating the bifunctional nature of transition metals is possible with group-II p-block elements through both a Lewis acid and base. Typically, group III elements, like boron, are used for the Lewis
acid (LA) component of the FLP, while group V elements, like phosphorus, are chosen as the Lewis base
(LB). Additionally, other heteroatoms, like nitrogen, are a common choice of LB, while boron is the most
common LA used in FLP chemistry.
The steric bulkiness of the substituent groups on both the LA and the LB physically prevents optimal orbital overlap between the LA and LB, leading to a “frustrated” coordinate covalent interaction.5 This
coordinate covalent interaction creates a region of high polarizability and is what gives FLPs their unique
reactive properties towards small molecules.

Figure 1: Traditional Lewis acid/base adduct compared to frustrated Lewis acid/base pairs. LA = Lewis acid; LB = Lewis
base.

2

Scheme 1: First FLP activations of H2 and olefins. Reprinted with permission from Stephan, D. W. J. Am. Chem. Soc. 2015, 137
(32), 10018–10032. Copyright 2015 ACS.

The bimolecular nature of FLPs yields a multitude of different benefits. In addition to retaining the
reactivity of their individual LA and LB components, they also engage in cooperative interactions leading
to bifunctional systems with applications in metal-free catalysis (Scheme 1).12 Instead of relying on direct
orbital interactions, FLPs leverage indirect orbital interactions to induce a highly polarized coordinate covalent interaction.13
One of the aspects of intramolecular FLPs which has been underexplored in the literature is the
utilization of the coordinate covalent interaction to stabilize the highly reactive LA, usually boron(III), from
standard LBs in nature (H2O, O2, etc.). Atmospheric LBs like O2 and H2O commonly react with 3-coordinate
LAs under atmospheric conditions, requiring the use of a strategy to “protect” the highly reactive boron(III)
LA. FLPs offer an elegant solution, as the coordinate covalent interaction that makes the FLP occupies the
area around the orbital, making it more difficult for atmospheric LBs to interact with the LA. The stabilization of the reactive boron(III) center occurs through the colinear orientation of the LB directly over the
3

LA’s empty p-orbital. This creates a top-down FLP configuration instead of a more traditional, side-on FLP
(Figure 2).

Figure 2: Traditional side-on FLP juxtaposed to NHBmes, a top-down FLP. Relevant orbitals of the FLP interaction are shown;
the Lewis acid and base are highlighted red.

9.2. Approaches to Small Molecule Activation and Catalysis
Many approaches to FLP-based catalytic systems involve changing the type of LA or LB used. The
use of transition metals as replacements for traditional LAs creates transition metal based FLP systems.
Although the use of transition metals is not ideal, in this case, they broaden their catalytic reach and increase
catalytic diversity. In addition, the discovery of main-group isoelectronic analogs of transition metals has
focused on an ambiphilic class of main group compounds called carbenoids. Carbenes, part of the carbenoids (R2E), are a species of main group compound, where E = C, feature a lone pair of electrons in a
hybridized sp2 orbital and an empty, p-orbital, oriented perpendicular to the R1-E-R2 plane.
The definition of carbenoids has evolved since Bertrand et al. discovered the first stable carbene in
198914 and has grown to encompass many different main group heteroatoms, most notably boron(III) and,
more recently, boron(I). In addition, carbenoids have become of great interest for their ability to engage in
orbital interactions isolobal to transition metals (Figure 3).
4

Small molecule activation occurs primarily through a synergistic combination of electron pair donation and acceptance with transition metals. The transition metal donates a pair of electrons into the small
molecules LUMO.4 Simultaneous donation of the small molecules HOMO sigma electrons into the transition metals empty d-orbitals yields an activated small molecule.

Figure 3. Similarities in frontier MO interactions by (a) Transition metals, a cyclic alkyl amino carbene (b), and an FLP (c). Reprinted with permission from Scott, D. J.; Fuchter, M. J.; Ashley, A. E. Chem. Soc. Rev. 2017, 46 (19), 5689–5700. Copyright
2017.

The ambiphilic nature of carbenoids and FLPs alike afford strikingly similar orbital dynamics to
established transition metal-based catalysts. Lone pairs of the LB assume the same role as electrons of the
transition metal, which destabilize the small molecules' 𝜎*-LUMO orbital. The difference in reactivity between transition-metal catalysts and carbenoid/FLP catalysts lies in the type of orbitals interacting. Carbenoids and FLPs utilize empty p-orbitals in addition to lone pairs in sp -hybridized orbitals; thus, the com2

bination of sp2-hybridized orbitals and empty p-orbitals mimic the donating and accepting ability of d-
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orbitals, providing a scaffold for the use of carbenoids containing p-block elements in place of transition
metals for catalysis.

9.3. Boron and Its Unique Electronic Properties
Boron is the smallest metalloid and has recently been in the spotlight for its metallomimetic properties. Moreover, interelement cooperative systems such as FLPs, diboron molecules, and hypovalent boron
complexes engage in catalytic reactions previously believed to be accessible only to transition metal complexes.

15,16

Boron is electron deficient, generally forming hypovalent complexes featuring six electrons. The

metallomimetic complexes of boron are typically divided into FLP/ambiphilic complexes, dinuclear boron
compounds, and single-site boron or borylene complexes, as illustrated in Figure 4.

Figure 4: 3 general classes of boron-based compounds which display metallomimetic activity.

Boron-based ambiphilic complexes are the most versatile of the three metallomimetic types of
compounds. Their two-part nature introduces variability in the strength of the coordinate covalent interaction, leading to a butterfly effect concerning reactivity and stability. Utilizing strongly donating LBs alters
the polarizing ability of the subsequent FLP, allowing for the selective tuning of the FLP for catalysis. More
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strongly donating LBs can be utilized in catalytic processes, which require a more strongly polarizing frustrated coordinate covalent interaction, like N2 activation. Alternatively, reducing the FLP donating ability
by using a more weakly donating LB can lower its reactivity, increasing its stability both in solution and in
the solid state.

9.4. Properties of the 𝛂-diimine BIAN ligand family
N-donor ligands have been used in a diverse set of coordination chemistry with most metal ions
with applications in inorganic materials, pharmaceuticals, and the catalysis of polymers, agrochemicals,
and electro/photo-catalysis.

17–21

Multidentate chelate ligands often contain sp -hybridized nitrogen atoms,
3

which serve as 𝜎-donating type ligands (Figure 5). Nitrogen atoms can also display more diverse coordination modes when sp2-hybridized due to the possibility of additional 𝜋 -accepting interactions. The
bis(imino)-acenaphthene (BIAN) family is among the most widely used nitrogen ligands. BIANs display a
diverse set of coordination and redox chemistry with metal ions and can contain both 𝜎-donating sp3-hybridized or 𝜎-donating and 𝜋-accepting sp2-hybridized nitrogen atoms.22–25
BIANs contain a central 1,4-diazabutadiene combined with a naphthalene backbone, which provides several advantages. They are expected to have better 𝜎-donating in addition to 𝜋-donating ability when compared to other N-chelating ligands [2,2’-bipyridine (bpy), 1,10-phenanthroline (phen)]. They can stabilize
metal ions in both high and low oxidation states.26–28 Additionally, BIAN ligands are more rigid than other
acyclic diimine ligands, imparting higher stability to hydrolysis and dissociation of the central C-C bond.29

7

Figure 5: N-ligand donor/acceptor properties of the BIAN ligand family. Reprinted from J. Bernauer, J. Pölker, A. Jacobi von
Wangelin, ChemCatChem 2022, 14, e202101182. Licensed under CC BY-NC-ND 4.0.

Three key features can summarize the chemistry of the BIAN ligand family: the rigidity of the
diazabutadiene moiety, the stereoelectronic tunability of the R group, and their ability to accept electrons
easily.30 The rigidity of the diazabutadiene moiety limits binding modes available to the BIAN. Still, it
forms stable transition metal complexes, indicating that rigidity is an essential factor in overall complex
stability. Alkali metals readily reduce naphthalene to form radical anions. Additionally, 𝛼-diimines have
been shown to stabilize various photochemically and electrochemically generated open-shell complexes
that delocalize electron density through antibonding orbitals.31–41 Combining both a naphthalene ring with
an 𝛼-diimine is expected to give the resulting BIAN good electron acceptor behavior.
Reduction of the R-BIAN ligand by one electron results in the formation of a conjugated radical
anion where spin density is delocalized over the N-C-C-N fragment of the 𝛼-diimine (Figure 7). Reduction
by another electron forms a dianion with a C-C bond order of 2 and C-N bond order of 1. Alternatively, the
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2-electron reduction corresponds to adding one or two electrons into the BIAN 5b2 LUMO orbital, featuring
C-C bonding and C-N antibonding character (Figure 6).30 Further reduction is possible and places electron
density in the 4a2 MO, delocalized over the naphthalene ring.

Figure 7: Reduction of the BIAN ligand by one and two electrons. Reprinted with permission from Hill, N. J.; Vargas-Baca, I.;
Cowley, A. H. Dalton Trans. 2009, No. 2, 240–253.

Figure 6: LUMO (5b2) and MO relevant to BIAN reduction. Reprinted with permission from Hill, N. J.; Vargas-Baca, I.; Cowley, A. H. Dalton Trans. 2009, No. 2, 240–253.

While most researched BIAN systems focus on transition metals, the many benefits of the BIAN
ligand family are not just applicable to transition metal-BIAN complexes as BIAN complexes of most main
group elements have been reported.

30,42–45

Their inherent stability and resulting electronics can be exploited

in designing stable, catalytically active, main group BIAN complexes for a wide variety of targeted catalytic
reactions.

9

9.5. BIAN complexes with main group elements
As previously discussed, BIAN-based complexes have risen in popularity for their ability to accommodate many different elements as either an L2 or X2 type ligand, as displayed in Chart 1. Complex I
features the BIAN as an X-type ligand, while complex II features the BIAN system as an L-type ligand.
Bis(arylimino)acenaphthene diimines are the most popular BIAN moiety as they are rigid, forcing the nitrogen atoms into an s-cis conformation, allowing for effective chelation of group 13 elements. As an Xtype ligand, BIANs can effectively coordinate to group 13 elements to form stable complexes (I). The
inclusion of a bulky substituent (X) gives the system better sigma-donating and pi-accepting character than
other non-rigid diimines, therefore serving as an ideal starting material for synthesizing BIAN systems
containing a metal ion like boron, aluminum, or gallium.46
As an L-type ligand, BIAN systems are excellent bidentate metal chelators. As a result, many different BIAN-based transition metal complexes have been reported and their catalytic properties explored.
Complexes III and V are both examples of stable BIAN-based transition metal systems and have been
shown to have tunable electronic properties with transition metals.46,47

10

Boron-based complex II has been successfully synthesized, but unlike transition-metal-based
BIAN systems, efforts to synthesize a boron-based BIAN system by reducing the diimine have been unsuccessful, highlighting the need for a novel synthetic route to I.

Chart 1: Examples of BIAN complexes with Group 13 elements (I, II, IV) and Zn (III).

9.6. BIAN-based N-heterocyclic diazaboroles (NHB)
Referring to Chart 2, N-heterocyclic diazaboroles (DBs) generally follow the structure of VI and
are defined as a boron center bonded to two amines and a substituent group, X. They are a diverse set of
compounds, some containing B-O-B bonds (VII), C-B bonds (VIII), and more exotic species like IX featuring chelation of the metal complex Cr(CO)5 through the nitrile substituent on the diazaborole. More

11

exotic moieties of diazaborole like XII are also possible. The boron of the ring is a positively charged
boronium and is formed without reducing the diimine of the 1,4-diazabutadiene backbone, where each
nitrogen is acting as an L-ligand. Both substituents act as X-ligands, giving the boron a positive charge.
One important thing to notice is the simplicity of reported diazaboroles and the absence of more rigid backbones present in the group 13 BIANs previously seen in bis(imino) acenaphthenequinone-based main group
BIAN complexes.
The simplicity seen in the diazaboroles is due to their highly reactive nature. With no substituents
to stabilize or sterically block boron’s highly reactive empty p-orbital, diazaboroles can readily react with
atmospheric LBs like H2O and O2, making their synthesis and subsequent functionalization challenging.
The synthesis of diazaboroles is difficult, with pure product formation almost impossible. The reaction products form a mixture of saturated and unsaturated diazaboroles, which requires further purification that can be problematic for highly reactive compounds like DBs (Scheme 2). Further functionalization
of the diazaboroles formed through a borane reduction of the diimine is arguably more challenging than the
formation of the diazaborole itself, requiring the use of potent reducing agents like nBuLi and Li0 (Scheme
3).

48,49

Using such reactive reagents limits the type of functionalization possible. The substituents need to be

non-reactive towards the strong reducing agents to prevent side reactions from damaging yields.
The harsh reaction conditions and inefficient reduction of the diimine by (Me2NH)･BH3 to form
the resulting diazaborole require creating a more efficient synthetic method. Lessons learned from maingroup BIAN complexes discussed in the previous section, like using a rigid bis(imino)acenaphthenequinone
backbone and bulky electron-rich substituents on the boron, can potentially alleviate some of the issues
12

encountered when attempting to synthesize diazaboroles. Compounds like XII employ additional stabilization of a group 13 element’s empty p-orbital through intramolecular coordinate covalent interactions.49

Chart 2: Examples of N-Heterocyclic diazaborolidines (VI-XII).

Scheme 2: Borane reduction of 1,4-diazabutadiene. Reproduced with permission from Weber, L.; Dobbert, E.; Stammler, H.G.; Neumann, B.; Boese, R.; Bläser, European Journal of Inorganic Chemistry 1999, 1999 (3), 491–497.
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Scheme 3: Nucleophilic substitutions at the B atom. Reproduced with permission from Weber, L.; Dobbert, E.; Stammler,
H.-G.; Neumann, B.; Boese, R.; Bläser, D. European Journal of Inorganic Chemistry 1999, 1999 (3), 491–497.

9.7. Pyridine Clamshell based main group complexes
The 1,2-bis(imino)acenaphthenequinone, or clamshell ligand, addresses many issues preventing
stable main group BIAN complex formation. As displayed in Chart 3, the clamshell reagent, XIX, is a
system featuring a BIAN backbone but with one additional feature not found in traditional BIAN ligands,
a tethered, pendant pyridyl group. Work by Allison Brazeau et al. illustrated how versatile a ligand the
50

clamshell system can be, successfully forming group 15-clamshell complexes (XIII-XX, Chart 3). Not all
group 15 elements were synthesized successfully, but complexes were able to form with the pnictogens (P,
As), including heavier pnictogen chlorides, through relatively mild reaction conditions. A one electron reduction of the clamshell by cobaltocene yielded the successful synthesis of complexes XIII, XV, XVII,
and XVIII.
This work utilized the low-lying LUMO of the clamshell BIAN system to reduce the pnictogen
center after initial chelation to the clamshell (XIV) through formally accepting two electrons from the
14

pnictogen center, forming XII. Halogen abstraction of XII yields a cationic divalent pnictogen center (XV),
stabilized by the pendant pyridyl group, and is a facile method to create N-heterocyclic chlorophosphines
and chloroarsines.
Most work concerning main group clamshell complexes is with group 15 elements, and no current
examples of the clamshell system with group 13 elements exist. This is surprising as the clamshell system
is an excellent transition metal and group 15 chelator. However, group 13 elements are much more reactive
than their group 15 counterparts, leading to several synthetic challenges.
This thesis presents a new convenient redox route in the synthesis of N-heterocyclic diazaboroles
(group 13 clamshell complexes).
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Chart 3: Examples of pyridine clamshell complexes with group 15 elements (XIII-XX).

9.8. Proposal for a Top-down Intramolecular Boron-containing N-heterocyclic BIAN
Complex for the formation of NHBmes FLP
The theoretical advantage of a top-down FLP system arises from the top-down orientation of the
frustrated coordinate covalent interaction, introducing more stability to the overall molecule (Figure 2).
Traditional FLP systems are generalized into two classes: intramolecular and intermolecular systems (Figure 8). Mesityl N-heterocyclic diazaborole (NHBmes) is a hybrid system where the LA and LB orientation
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is more comparable to intermolecular FLPs (Figure 9). Still, their tethered nature affords the additional
advantages of intramolecular FLPs. This unique spatial interaction leads to a more strongly polarized frustrated coordinate covalent interaction, leading to better stability and reactive properties when compared to
traditional FLPs.
A vital facet of this top-down intramolecular system is the pendant LB and the aliphatic linker arms
connecting it to the molecular acenaphthenequinone backbone. The linker arms allow the pendant LB to
move freely and align above the LA in three-dimensional space, reducing steric impacts on the resulting
frustrated coordinate covalent interaction. Additionally, the pendant LB linker provides an overall entropic
benefit. Since both the LA and LB are a part of the same molecule, the frustrated coordinate covalent interaction forms immediately, further improving the stability of NHBmes. This entropic benefit is inherent to
NHBmes and all intramolecular FLPs. This top-down interaction also theoretically creates a “pocket” in
the three-dimensional structure of NHBmes, where small molecules or substrates for catalysis can fit better
with more optimal orbital interactions.

Figure 8: Schematic representation of two types of FLPs: (a) intermolecular FLPs and (b) intramolecular FLPs. LA = Lewis acid, LB =
Lewis base.

17

Figure 9: Synthetic target of this thesis featuring clamshell acenaphtene backbone with an NHB-Mes
FLP

The use of boron as the LA in the NHBmes system affords unique electronic properties. Boron is
a hypovalent element and can accept an electron pair to make an anionic, 8 electron borate complex. It can
then lose that pair of electrons, reforming the neutral, 3-coordinate borane. The hypovalency of boron has
been utilized in catalytic transformations, like in the catalysis of double hydrofunctionalized reactions of
unactivated alkynes, and is an area of keen interest.51
Boron’s empty p-orbital has vast electronic implications for the overall NHBmes system. It can act
as an electron bridge, connecting—or bridging—the aromatic systems of the R group (N2B-R) into the
acanapthenequinone backbone, further stabilizing the NHBmes and lowering the energy of the HOMO
orbital.52,53 Conversely, to raise the energy of the HOMO, electron-rich or electron-donating R groups can
be chosen. The ability to easily change the electronic and reactive catalytic properties through varying the
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R group makes the NHBmes system robust, allowing the NHBmes system to be designed with specific
catalytic processes in mind.
Modulating the strength of the LB in the NHBmes is not practical, as the LB is included in the
synthesis of the NHBmes precursor, 4. Theoretically, the use of more weakly donating LBs can cause a
decrease in the strength of the LB/LA FLP interaction. Conversely, the use of more strongly donating LBs
will increase the power of the LB/LA FLP interaction, introducing additional modularity into the system.
It is hypothesized that the top-down intramolecular FLP interaction of the NHBmes leads to a more
highly polarized coordinate covalent interaction, potentially leading to higher catalytic activity when compared to current FLP-based catalysts. Additionally, it is hypothesized that the system's modularity could
allow for selectivity in the type of reactions the NHBmes system can catalyze. Finally, it is hypothesized
that this top-down intramolecular FLP framework can be synthesized by reducing the pyridyl clamshell and
adding a borinium super LA. The R group on the boron center can also be modified to affect the back
bonding stabilization of the boron center.
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10. Experimental
All synthetic reactions were done under inert conditions on the Schlenk line unless otherwise indicated. Additionally, all solvents used were anhydrous unless otherwise specified.

10.1.

Mesityl boron difluoride (1)

The synthesis of compound 1 was adapted from a literature procedure.54,55
Magnesium0 turnings (0.2148g, 8.18 mmol) were added to an oven-dried Schlenk flask (SF) and
allowed to cool under vacuum on the Schlenk line. Once cooled, anhydrous tetrahydrofuran (THF, 20 mL)
and bromomesitylene (1.2 mL, 7.44 mmol) were added to the SF. The SF was placed in a condenser-cooled
sonicator and sonicated for 20 minutes behind a blast shield. After 20 minutes, the SF was removed from
the sonicator and allowed to stir at room temperature for 16 hours. In a separate SF, BF3∙OEt2 (0.92 mL,
7.44 mmol) was added and cooled to 0 °C. The Grignard reagent was then cannula transferred over into the
SF containing BF3∙OEt2 and allowed to stir overnight. THF was removed in vacuo to yield a white/beige
solid mixture, to which anhydrous pentane was added. The slurry was cannula transferred into a clean
Schlenk filter charged with diatomaceous earth (pre-wet with anhydrous pentane) and filtered into a clean
SF. Pentane was removed in vacuo to yield colorless crystals (0.9g, 78%). H NMR (500 MHz, CDCl3) δ
1

6.73 (s, 2H, aryl), 2.19 (m, 9H, CH3). 11B NMR (160 MHz, CDCl3) δ 53.03 (br, s). 19F NMR (376 MHz,
CDCl3) δ −14.33 (s).
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10.2.

2,6-(2,2-dinitrostyryl) pyridine (2)

This reaction was conducted under an ambient atmosphere. Compound 2 was synthesized following a literature procedure.56
2-Nitrobenzaldehyde (15.04 g, 99.26 mmol), 2,6-lutidine (3.5 mL, 30.08 mmol), and acetic anhydride (16.7 mL, 176.6 mmol) were added to a hot oven-dried 500 mL round bottom flask (RBF). The RBF
was then fit with a reflux condenser, and the oil bath was set to 165°C; the solution was left to stir at reflux
for 16 hours. Upon cooling to room temperature, the deeply colored opaque-brown solution was transferred
into a separatory funnel. The product was extracted with methylene chloride (3 x 40 mL). Aqueous sodium
hydroxide solution (10.02 %w/w, 100 mL) was added to wash and basify the organic layer. The organic
layer was then dried with a large scoop of magnesium sulfate. The solvent was removed in vacuo and
recrystallized in acetonitrile (5 mL) to yield a bright yellow solid (6.93 g, 62%). 1H NMR (500 MHz, CDCl3)
δ 8.06 (d, 2H, CH, J = 16.0 Hz), 7.99 (d, 2H, aryl, J = 8.2 Hz), 7.84 (d, 2H, aryl, J = 7.9 Hz), 7.72 (t, 1H,
aryl, J = 7.7 Hz), 7.63 (t, 2H, aryl, J = 7.6 Hz), 7.44 (t, 2H, aryl, J = 7.6 Hz), 7.41 (d, 2H, aryl, J = 7.7 Hz),
7.19 (d, 2H, CH, J = 16.0 Hz).

10.3.

Pyridyl diamine (3)

Compound 3 was synthesized following a literature procedure.56
2 (17.4 g, 46.61 mmol), palladium/carbon (0.4920 g, 10 mol%), and anhydrous tetrahydrofuran
(THF, 20 mL) were added to a hydrogenation jar. The jar was fitted with a high-pressure septum, secured
to the high-pressure hydrogenator, and pressurized to 15 psi of H2. The system remained pressurized for the
reaction duration (5 days), with mechanical shaking turned on during the day. The reaction was monitored
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via TLC (35% EA/Hexanes). Once the reaction was completed, the hydrogenation jar was depressurized,
removed from the hydrogenator, purged with N2 for 15 minutes, and filtered through diatomaceous earth
(pre-charged with anh. THF) to yield a beige solution. THF was removed via rotary evaporation, and the
product was recrystallized from a 2:1 hexanes/methylene chloride solution, yielding a beige solid (yield:
14.61 g, 89%). 1H NMR (500 MHz, d6-DMSO) δ 7.56 (t, 1H, aryl, J = 7.5 Hz), 7.07 (d, 2H, aryl, J = 7.5
Hz), 6.91 (d, 2H, aryl, J = 7.5 Hz), 6.86 (t, 2H, aryl, J = 7.5 Hz), 6.63 (d, 2H, aryl, J = 8.0 Hz), 6.44 (t, 2H,
aryl, J = 7.5 Hz), 2.93 (t, 4H, CH2, J = 7.0 Hz), 2.80 (t, 4H, CH2, J = 7.0 Hz).

10.4.

Pyridine clamshell (4)

Complex 4 was synthesized following a literature procedure.56
A Dean-Stark apparatus was charged with dry magnesium sulfate and assembled with a 3,000 mL
3-neck round-bottom flask (3n-RBF) with a reflux condenser. 3 (2.48 g, 7.88 mmol), acenaphthenequinone
(1.433 g, 7.88 mmol), anhydrous toluene (1000. mL, <10 mM), and para-toluene sulfonic acid (PTSA,
0.1599 g, 0.786 mmol, 10 mol%) were added to the 3,000 mL 3n-RBF. The oil bath was set to 170 °C, and
the solution was allowed to reflux for 24 hours. After 24 hours, the solution was removed from heat and
filtered through a Buchner funnel to remove PTSA. Toluene was removed and recycled via rotary evaporation to yield a red solid. The resulting product was recrystallized from acetonitrile (5 mL) to yield an
orange powder (2.51 g, 69%). 1H NMR (500 MHz, CDCl3) δ 7.76 (d, 2H, aryl, J = 8.0 Hz), 7.34 (d, 2H,
aryl, J = 7.5 Hz), 7.27 (m, 4H, aryl), 7.16 (t, 2H, aryl, J = 7.0 Hz), 6.99 (d, 2H, aryl, J = 7.0 Hz), 6.94 (t,
1H, aryl, J = 7.5 Hz), 6.83 (t, 2H, aryl, J = 7.5 Hz), 6.51 (d, 2H, aryl, J = 7.5 Hz), 2.82 (br t, 8H, CH2).
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10.5.

Fluoromesityl borinium triflate (5)

The total synthesis of 5 was done using rigorous air-free techniques and was based on a literature
procedure.57
In the glovebox (GB), 1 (0.036 g, 0.2157 mmol) and anhydrous toluene (5 mL) were combined in
a 25 mL Schlenk flask (SF-1) and capped with a glass stopper. Trimethylsilyl trifluoromethane sulfonate
(39 𝜇L, 0.2157 mmol) was added to a separate SF (SF-2) charged with anhydrous toluene (5 mL) and
capped with a glass stopper. SF-1 and SF-2 were moved from the GB to the Schlenk line. A toluene solution
of 1 (SF-1) was cannula transferred into SF-2 to yield a pink solution. 1H NMR (500 MHz, CDCl3) δ 6.82
(s, 2H, aryl), 2.28 (d, 3H, CH3, J = 5.6 Hz,), 2.25 (d, 6H, CH3, J = 2.5 Hz). 11B NMR (160 MHz, CDCl3) δ
51.52 (br s). 19F NMR (470 MHz, CDCl3) δ −14.37 (s).

10.6.

Mesityl N-heterocyclic diazaborole (6)

The total synthesis of 6 was done using rigorous air-free techniques, including fresh distillation of
all solvents in CaH2 before use. Additionally, sodium metal was cut into small pieces to increase its surface
area.
4 (0.102 g, 0.22 mmol) and anhydrous tetrahydrofuran (THF) were added to a dry 100 mL Schlenk
Flask (SF-1) and allowed to stir for 15 minutes at room temperature. Sodium metal (0.013 g, 0.565 mmol)
was added under positive N2 flow, and the resulting solution was allowed to stir at room temperature for 48
hours. After 48 hours, anhydrous THF in SF-1 was reduced to 15 mL in vacuo, yielding a deeply colored
red solution. SF-2 containing 5 in toluene was quickly cannula transferred into SF-1, yielding a deep red
solution. The solution was then allowed to stir at room temperature for 24 hours. After 24 hours, the bright
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red solution was filtered through a clean Schlenk filter charged with dry diatomaceous earth and anhydrous
toluene. The toluene/THF was removed in vacuo to yield a bright red/orange solid. The product was washed
with anhydrous pentane (2x 30mL) and dried in vacuo to yield a red powder. 1H NMR (500 MHz, CDCl3)
δ 7.84 (d, 2H, aryl, J = 8.0 Hz), 7.42 (d, 2H, aryl, J = 7.5 Hz), 7.35 (m, 4H, aryl), 7.22 (m, 2H, aryl, J =
7.0 Hz), 7.06 (d, 2H, aryl, J = 7.0 Hz), 7.02 (t, 1H, aryl, J = 7.5 Hz), 6.91 (d, 2H, aryl, J = 7.5 Hz), 6.79
(s, 2H, aryl), 6.58 (d, 2H, aryl, J = 7.5 Hz), 2.88 (br t, 8H, CH2), 2.26 (m, 12H, CH3). 13C NMR (176 MHz,
CDCl3) δ 160.31, 159.46, 149.28, 140.34, 137.92, 134.85, 130.64, 130.16, 129.43, 128.55, 128.02, 127.63,
127.36, 127.21, 126.65, 125.93, 124.28, 123.28, 122.30, 118.36, 116.69, 76.17, 75.99, 75.81, 67.91, 58.52,
39.60, 37.14, 32.19, 30.92, 30.23, 28.69, 28.65, 28.35, 23.75, 21.68, 21.40, 20.16, 20.13, 13.11, 9.65, 0.76.
B NMR (160 MHz, CDCl3) δ 45.3 (br, s).

11
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11. Results and Discussion
11.1.

Synthesis and Characterization of B(Mes)F2

This reaction has gone through many cycles of synthetic optimization, with yields brought up from
the 40% range to where they currently are, at around 70-80% yield. All aspects of the synthesis have been
optimized, and efforts have primarily focused on the Grignard part of the reaction through attempts to push
the Schlenk equilibrium towards the RMgX side of the equilibrium (Scheme 4). One of the most profound
determining factors for controlling the Schlenk equilibrium of Grignard products is reaction temperature
and solvent choice. Changing the solvent is not practical, as tetrahydrofuran (THF) is the best solvent for
Grignard reactions. This reaction was attempted in diethyl ether with limited success, confirming THF as
the best choice of solvent for the reaction. With no room for optimization through solvent selection, optimization efforts were then focused on activating the magnesium turnings used.

Scheme 4: Synthesis of mesityl boron difluoride (1).

Characterization of 1 was carried out using 1H, 11B, and 19F NMR spectroscopy. All NMR spectra
taken were in CDCl3 in an inert atmosphere NMR tube; all samples were loaded in the glovebox. Boron
NMR spectroscopy of 1 showed a broad singlet at 53 ppm, characteristic of a simple borane with strong
electron-withdrawing substituents (fluorine and Mes, Figure 13). The 1H NMR spectrum showed an
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aromatic singlet at 6.82 ppm with an integration of 2, corresponding with the two aromatic protons on the
mesityl substituent of 1. In the aliphatic region, a singlet at 2.29 ppm integrating to 3 protons and one at
2.25 ppm integrating to 6 protons were observed corresponding to the methyl groups of the mesityl ring.
No other peaks are present, indicating 1 is highly pure. The fluorine NMR spectrum shows a singlet at
−14.34ppm, consistent with the literature (Figure 15).55

Scheme 5: Generalized Schlenk Equilibrium. Reprinted from Peltzer, R. M.; Eisenstein, O.; Nova, A.; Cascella, J. Phys. Chem.
B 2017, 121 (16), 4226–4237. Licensed under CC-BY-NC-ND.

11.1.1. Optimization of the Synthesis of B(Mes)F2
Three main synthetic routes were used to synthesize 1 (Scheme 7). The traditional Grignard method
worked but was low-yielding. Upon further investigation, it was determined that the heat used and generated in the formation of the Grignard reagent 1a affected the Schlenk equilibrium towards the product side,
favoring the formation of magnesium salts (Scheme 5, Scheme 6).58 The equilibrium established in method
(a) favors the MgX2 and MgR2 products, reducing the concentration of the nucleophilic Grignard reagent,
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consequently lowering yields. Since in method (a) the reaction mixture was heated to reflux, excess heat
generated in the reaction, if not adequately removed through cooling, can affect the overall equilibrium

Scheme 6: Schlenk equilibrium in the synthesis of 1. 1a is the MesMgBr target Grignard reagent; 1b & 1c are the unfavorable byproducts of the Schlenk equilibrium.

towards products 1b and 1c, in addition to decreasing the equilibrium, reducing the concentration of reactive Grignard reagent 1a (Scheme 6).
It isn't easy to achieve complete conversion to the Grignard species without magnesium activation.
These lower yields can be attributed to the unactivated magnesium metal turnings reacting slowly with
mesityl bromide and lower active Grignard concentrations resulting from the formation of 1b and 1c. There
are many different methods used to activate magnesium metal turnings; both solid iodine and sonication
are commonly used to activate the magnesium turnings.

58,59

Activated magnesium turnings react readily with

mesityl bromide and have proven to be more effective in preparing Grignard reagents. The sonication was
the method that provided the highest yield of 1 at 78% (method [c], Scheme 7). It provided the purest
product between methods a-c, as evidenced by 11B, 1H, and 19F NMR spectroscopy (Figure 13, Figure 14 &
Figure 15, respectively).
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Scheme 7: Different Grignard strategies in the synthesis of 1. (a) Traditional Grignard method. (b) Iodine activated Mg Grignard
method. (c) Sonication activation of Mg Grignard method.

The addition of the Grignard reagent to BF3･Et2O did not come without its issues. Without warning,
removing the purification solvent (hexanes/pentane) from the B(Mes)F2 solution generated a deep purple/pink coloration that would diffuse throughout the crystalline product. Many different hypotheses were
formulated to explain this phenomenon, the most likely being the formation of triiodide under vacuum
through a reaction of unreacted iodine (used to activate Mg) and iodide in solution (Scheme 7, method [b]).
To mitigate the hypothetical formation of the triiodide impurity in the final product, the solvent used during
purification was not entirely removed, leaving crystals stable at −80°C for extended periods.
The purple discoloration/impurity formation has shifted focus to method (c), in which no purple
impurity was observed, even under extended periods of hard vacuum.
The purification and separation of 1 were also optimized. Subsequent Grignard additions of 1a in
THF to BF3･OEt2 had resulted in the formation of a THF-based polymer, damaging yields. This issue was
mitigated by removing THF in vacuo and replacing it with anhydrous pentane, only then removing MgBrF
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salt byproducts via a Schlenk filter charged with diatomaceous earth pre-wet with anhydrous pentane. The
supernatant was then removed in vacuo to yield colorless crystals with no purple coloration.

11.2.

Synthesis and Characterization of Pyridine Clamshell

The total synthesis of 4 was carried out in 3 steps, with moderate yields. The synthesis of 2 had the
lowest yield, ranging from 60 to 70%. After purification, the 1H NMR spectrum was identical to published
literature spectra [(a), Scheme 8].56 Referring to Scheme 8 (b), the synthesis of 3 was performed at 30 psi
of H2 in a high-pressure mechanical hydrogenator and was the highest yielding reaction, with yields ranging
from 90 to 95%. After purification, H NMR spectroscopy confirmed the successful formation of 3 (Figure
1

17).56 The synthesis of 4 resulted in moderate yields, ranging from 65-75% (Scheme 8, [c]). The reaction
proceeded with ≤ 10 mM acenaphthenequinone to prevent its polymerization, limiting the scale up of 4.
By using 10 mmol of starting material 3, a maximum of 10 mmol of product 4 was generated. After purification, the 1H NMR spectroscopy was in agreement with published spectra (Figure 18).56

Scheme 8: Total synthesis of 4. (a) Synthesis of 2. (b) Synthesis of 3. (c) Synthesis of 4.
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11.2.1. Optimization of the Synthesis of Pyridine Clamshell
The synthesis of 4 was based on work published by Leung et al.56 The overall yield of 4 through
three reactions was 40-50%, indicating there is room for optimization (Scheme 8, [a-c]). The synthesis of 2
mainly followed literature precedent, with the only deviation occurring in the purification step. The literature procedure called for purification via column chromatography, which is time-consuming. An insoluble
solid was observed upon attempting to dry load 2 onto silica gel using MeCN. NMR characterization of
this solid determined it to be highly pure 2.
Consequently, purification of 2 was done through a cold MeCN extraction, eliminating the need
for a column at the expense of a lower percent yield. This MeCN-based purification is most likely responsible for the roughly 30% reduction in yield of 2 compared to reported literature yields of 90%. This was
deemed an acceptable trade-off, and the reaction was scaled up 30% to compensate.
The synthesis of 3 used a pressurized mechanical hydrogenator with 30 psi of H2. The high-pressure mechanical hydrogenator (HPMH) does not require constant supervision, only requiring re-pressurization of H2 to 30 psi once per day. While the use of the HPMH did not drastically improve yields compared
to the literature (90% vs. 92% respectively), it allowed the reaction to be scaled up past what would be
possible using simple H2-filled balloons and an RBF.
As mentioned previously, the synthesis of 4 was carried out following a literature procedure published by Leung et al. The reaction conditions called for using acenaphthenequinone at ≤ 10 mM, requir56

ing a large amount of toluene, limiting scales at 8 mmol of 3, requiring at least 1 L of toluene. This volume
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of solvent is approaching the limit of what regular-sized glassware can handle effectively. To purify 4,
column chromatography was avoided in favor of cold extraction with MeCN. The cold MeCN extraction
was not as detrimental to yields as in the synthesis of 2, with yields of 4 around 70%, compared to the
literature yield of 83%.

11.3.

Synthesis of Mesityl N-Heterocyclic Diazaborole

This specific synthesis (Scheme 9) has gone through at least four variations before elucidating the
reaction mechanism, which informed the formation of 6 with great success (Scheme 10). We hypothesized
that a reduction of the diimine must occur for the reaction to proceed by reaction of a diaamido ligand with
the boron(III) halide. Additionally, the slow step of the reaction was hypothesized to be the initial addition
of the substituted boron halide to the dianionic diamide of the clamshell backbone.
Past research on the BIAN backbone by Alan Cowley et al. in 200930 discussed its ability to easily
accept 2 electrons, forming a diamido complex (Figure 7). Cyclic voltammetry (CV) was carried out on the
pyridine clamshell 4, and it was determined that Na0 would be a suitable reducing agent, as the reduction
events both require less driving force than the reduction potential of sodium (-2.7 V). Further CV was not
attempted on 4 as it was only used to test the viability of using Na0 as the reducing agent in the synthesis of
NHBmes 6.
The next roadblock encountered was the initial addition of B(Mes)F2 to the di-anionic amide of the
pyridyl clamshell ligand. Due to the uniqueness principle, B-F bonds are strong; their small atomic radii
lead to optimal p-p orbital overlap of both boron and fluorine’s p-orbitals resulting in p-p back-bonding.
The strength of this p-p back-bonding interaction manifests in a B-F bond dissociation energy (BDE) of
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766 ± 13 kJ/mol, surpassing the BDE of a C-C bond (607 ± 21 kJ/mol) by over 150 kJ/mol.60 Due to the
robust nature of B-F bonds, it was hypothesized that in the transition state, the initial loss of fluorine from
B(Mes)F2 during its addition to the di-anionic diamide would be difficult without a fluorine abstractor present in the reaction to drive it past the first transition state—the hypothesized slow step of the reaction.

Scheme 9: Synthesis of mesityl N-heterocyclic diazaborole (6).

Earlier attempts to carry out this reaction did not utilize a stepwise approach to the synthesis of 6;
all the starting materials (1 & 4) were added to a toluene solution and stirred at reflux for 48 hours. This
approach, while yielding some product, 6, was very inefficient. Upon further investigation, it was postulated
that the alpha-diimine would have to be reduced to its di-anionic diamido form for the reaction to occur.
The negatively charged amine nitrogen then attacks the electrophilic B(Mes)F2, forming NaF as a byproduct
of the first addition. Following the first addition, the remaining anionic amine attacks the electrophilic boron
center again, creating a second equivalent of NaF and the product, 6.
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Scheme 10: NHBmes formation proposed reaction mechanism. The generation of the borinium super LA is shown in blue. The
addition of the super borinium LA occurs after the Na0 addition.

In practice, some of the product, 6, was observed but not in high yields, attributed to the high
activation energy of the first step, the breakage of a B-F bond, and the formation of NaF. As discussed
earlier, B-F bonds are extremely strong, though the lattice energy of NaF is also relatively high to help the
reaction proceed. The formation of a Si-F bond also helps push the reaction towards completion. To overcome the high B-F bond energy, the formation and electrophilicity of a borinium cation were needed to
move past the initial high energy step to promote the anionic diamine to attack the now highly electrophilic
borinium cation, pushing the reaction to completion.
Synthesis of 5 was based on a published literature procedure where BF3･OEt2 was reacted with
TMS-OTf to form the borinium, [BF2]OTf−.57 Since 1 is simply a mono substituted BF3･OEt2, treating 1
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with TMS-OTf yields the singly substituted borinium 5. The inclusion of the mesityl substituent in the
borane provides additional stabilization to the borinium center. Triflate acts as a non-coordinating LB in
non-polar solutions, forcing a 2 coordinate borinium instead of a 3-coordinate boronium cation.
Hammond's postulate was exploited to inform the synthesis of a species that closely resembles the
proposed transition state—a borinium cation—which leads to reliable NHBmes formation through multiple
attempts.

Scheme 11: Total synthesis of NHBmes.

11.3.1. Characterization of Mesityl N-heterocyclic Diazaborole
Characterization of 6 was carried out primarily through 1H NMR spectroscopy (Figure 25, Figure
26) which showed a spectrum remarkably similar to the H NMR spectra of the pyridine clamshell 4 (Figure
1

18). The only difference between NHBmes (6) and pyridine clamshell (4) is the appearance of a singlet in
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the aromatic region, corresponding to the mesityl aryl protons, and the appearance of two aliphatic singlets,
one corresponding to the two equivalent methyl groups on the mesityl ring, and the other corresponding to
the remaining methyl group on the mesityl ring.
Referring to the assigned aromatic 1H NMR spectrum of 6, the two protons labeled B of the
acenaphthenequinone backbone correspond to the most downfield singlet at 7.84 ppm that integrates to 2
protons (Figure 27). The next doublet at 7.42 ppm that integrates to 2 protons corresponds with the protons
labeled C in the acenaphthenequinone backbone of NHBmes. The next multiplet integrating to 4 protons at
7.35 ppm corresponds to two groups of equivalent protons labeled D (of the acenaphthenequinone backbone) and N (of the aromatic ring of the linker arm). The next multiplet integrating to 2 protons at 7.22 ppm
corresponds with the protons labeled E of the linker arm's aromatic ring. The next doublet integrating to 2
protons at 7.06 ppm corresponds to the protons labeled F of the linker arm’s aromatic ring. The triplet
integrating to 1 proton at 7.02 ppm is the only discreet triplet observed and corresponds with proton A of
the pendant pyridine group of NHBmes.
The next singlet integrating to 2 protons at 6.79 ppm corresponds with the aromatic protons of the
mesityl group of 6. Interestingly, the multiplet seems to result from two discreet overlapping singlet signals.
The DOSY confirmed that both of these signals are part of the same complex, suggesting that rotation about
the B-C bond is hindered, giving rise to two different electronic environments for the aromatic mesityl
protons. This is not unlikely as the empty p-orbital of boron can interact with the electron density of the
mesityl ring, forming a back-bonding-like interaction. The appearance of this peak and the subsequent
DOSY confirmed this peak as the mesityl protons of 6 and not unreacted starting material 5.
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The next doublet integrating to 2 protons at 6.58 ppm with a coupling constant of 7.5 Hz corresponds with protons labeled I of the pendant pyridyl linker arm. The aliphatic region’s most downfield
signal is a broad triplet integrating to 8 protons at 2.88 ppm and corresponds with the aliphatic linker arm
labeled J/K. This peak is very broad due to the degrees of freedom available to the aliphatic 2-carbon
“bridge” connecting the aromatic linker group to the pendant pyridyl LB at room temperature (Figure 10).
The final peak of the 1H NMR spectra is a multiplet integrating to 12 protons at 2.26 ppm and consists of
overlapping singlets that correspond to protons labeled M and L.
The 13C NMR spectrum shows 45 total peaks, 43 of which are the 13C signals of 6 (Figure 29). The
other 2 peaks in the aromatic region belong to toluene. HSQC was used to assign carbon peaks based on
their C-H correlations.
The B NMR spectrum gave a weak signal, a singlet at 45.3 ppm (Figure 30). Since boron and
11

nitrogen are quadrupolar, it is common to observe a weak signal or not observe a B signal entirely in
11

compounds featuring B-R (R = quadrupolar nuclei like N, O, Cl, etc.) bonds. A peak position of 45.3 ppm
61

is slightly more upfield than the B(Mes)F2 starting material, shifting about 7 ppm upfield. This upfield shift
is expected, as the pendant pyridine LB has electron density centered above the boron’s empty p-orbital.
Boron also can use its empty p-orbital to extend the conjugation of the Mes R-group into the acenaphthenequinone aromatic backbone.
While direct comparison with other clamshell-based group 13 complexes is not possible, the observed spectroscopic results can be compared with diazaborole complexes. Niedenzu et. al reported the
1,3,2-diazaboracyclopentane (Me)NaCH2CH2Nb-(Me)BH(Na-B) and diazaboracyclohexane (Me)NaCH2
36

CH2CH2Nb-(Me)BH(Na-B) 11B NMR signals at 𝛿 = 28.3 and 26.0, respectively.62,63 While not very close to
each other, the observed signal of NHBmes at 45.3 ppm is within the region observed with diazaboroles
but shifted more downfield. The most deshielded signal observed by Lothar Weber et al.
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was a t-butyl

derivative of V with an 11B signal of 𝛿 = 30.1 ppm (Chart 2). In another publication by Lothar Weber et
al.,49 boron NMR signals were observed for organoboron substituted 2,3-dihydro-1,3,2-diazaboroles ranging from 25-27 ppm. Since these reported 11B spectroscopic data are for simple, non-conjugated diazaboroles, it is expected that the NHBmes system would yield a more deshielded (downfield) B NMR signal
11

since the delocalized electron density of the acenaphthenequinone backbone has a withdrawing effect on
the boron center. Additionally, an aromatic R group like Mes can contribute to the electron withdrawing
effects of the aromatic backbone, further deshielding the B NMR signal.
11

Most published boron(III) FLP work focuses on side-on FLPs instead of the top-down intramolecular type of FLP reported herein. B NMR spectroscopy signals are reported anywhere from 43 ppm to 25
11

ppm, falling in line with the observed broad singlet of 6 at 45.3 ppm.
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Much like 1H NMR spectroscopy, 11B NMR spectroscopy signals are highly dependent on the electronic environment surrounding the B nuclei. Sharp peaks with small linewidths are commonly observed
11

when the boron nucleus is anionic and in a tetrahedral configuration. In its 3-coordinate neutral form, broad
peaks with large linewidths are widely observed, with the linewidth of the observed peak directly correlated
with the number of quadrupolar nuclei bonded to boron. With the highly quadrupolar environment surrounding the boron center, the absence of any detectable 11B signal was expected, further supporting the
formation of 6.68
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Referring to the 19F NMR, no signal was observed, which is expected when looking at the byproducts of the reaction, TMS-F and NaF (Figure 31). The formation of a high-energy Si-F bond in TMS-F
drives the reaction forward. The other byproduct formed, sodium fluoride, is not soluble in the reaction
solvent, anhydrous toluene, and once created, crashes out of the solution, driving the reaction to completion.
Before characterization, the solution is filtered through a Schlenk filter charged with diatomaceous earth to
remove the NaF salt byproduct.

Figure 10: Structure of NHBmes (6). LB component is highlighted in red. LA component is highlighted in blue.

11.4.

Synthesis and Characterization of Fluoromesityl borinium

As previously discussed, B-F bonds are strong, surpassing the bond energy of C-C sp3-bonds by
greater than 25%60, leading to the loss of fluorine in the proposed first step of the mechanism for NHBmes
formation to be of high energy (Scheme 9). As part of this slow step, the transition state looks identical to
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a borinium cation stabilized by a fluorine atom. Efforts to optimize the formation of 6 revolved around
forming a borinium to be added to a di-anionic reduced pyridine clamshell 4.
There are not many published literature procedures for synthesizing borinium complexes (Figure
11), necessitating the development of a procedure for the formation of 5. To most closely resemble the
proposed transition state, 5 would be synthesized and added to a solution of reduced 4, forming 6 (Scheme
12).

Figure 11: Structure of borinium (I), borenium (II), and boronium (III) cations. Reprinted with permission from Piers, W. E.;
Bourke, S. C.; Conroy, K. D. Angew. Chem. Int. 2005, 44 (32), 5016–5036. Copyright 2005 Angew. Chem. Int.

To increase the electrophilicity of the resulting borinium (5), triflate, a non-coordinating LB, was
chosen. A non-polar solvent was needed to prevent the triflate from coordinating with the borinium, forming a less electrophilic borinium. To form 5, a fluorine abstraction (Scheme 12) was done using TMS-OTf,
a known strong fluorine abstractor. The formation of fluoro-trimethylsilane (TMS-F) drives the reaction
forward as the formation of a Si-F bond is of high energy, shifting the equilibrium towards 5.

Scheme 12: Synthesis of fluoromesityl borinium triflate (5).
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Because the highly electrophilic nature of compound 5 leads to decomposition when storing, it was
synthesized as needed in an anhydrous toluene solution. Almost immediately after its formation (a brightly
colored pink solution), it was immediately transferred via inert cannula to a solution of Na-reduced 4 and
allowed to stir for 24 hours. The highly reactive nature of the borinium made characterization a challenge.
Compound 5 was characterized by 1H, 19F, 11B, and DOSY 2D NMR spectroscopy.
The 1H NMR spectrum of 5 (Figure 19) showed peaks very similar to the starting material 1, with
the aromatic peaks shifted slightly more upfield at 6.32 ppm compared to 1 at 6.82 ppm (Figure 14). There
is a new peak present in the 19F NMR spectrum of 5, at −75 ppm, and a peak at −14.5 ppm, which are the
fluorine signals of 1 (Figure 20). This suggests an equilibrium between the target borinium species, 5, and
the starting material, 1.
No new peaks were observed in the B NMR spectra of 5, which isn't that unusual when working
11

with boron compounds that are not both 4-coordinate and in a highly symmetrical electronic environment
(Figure 21). There was still an B NMR spectroscopy signal at 53.5 ppm, again suggesting the target bo11

rinium 5 is in equilibrium with the starting material 1 (Figure 21).
2D DOSY NMR spectroscopy (Figure 22) was used to verify that all proton peaks were part of the
same molecule, and 1H (Figure 19) and 19F (Figure 24) NMR spectra were stacked to compare to starting
materials. The data suggest that 5 was synthesized successfully under the tested conditions (Figure 23).
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12. Conclusions & Future Work
12.1.

Summary of Findings

Herein, the synthesis and characterization of a novel top-down mesityl N-heterocyclic diazaborole
intramolecular FLP 6 is described. The precursor to 6, 4 was synthesized and characterized following a
published literature procedure by Leung et al. 56 The formation of 6 occurred through reducing the pyridine
clamshell from a diimine to a diamido complex (Figure 10). Before addition to the diamido complex, a
borinium cation [B(Mes)F]OTf , 5 was generated through a reaction of 1 with TMS-OTf. After the gener−

ation of 5, it was added to a solution of the reduced diamido clamshell complex to generate the product 6.
H, B, F, DOSY, COSY, and HSQC NMR spectroscopy confirmed the formation of 6. The mechanism

1

11

19

of formation was also elucidated, and it was discovered that for the reaction to proceed, the 𝛼-diimine
clamshell must be reduced to its diamido form using a strong reductant like Na .
0

Based on spectroscopic evidence, we are confident that NHBmes has been synthesized; however,
more spectroscopy data, including high-resolution mass spectrometry, and elemental analysis, need to be
completed to corroborate the observed NMR spectra. Still outstanding is confirmation of purity, Fourier
transform infrared spectroscopy (FTIR), and UV-vis spectroscopy.

12.2.

Future Work

To verify the three-dimensional structure of NHBmes, X-ray diffraction crystallography (XRD)
data must be obtained. Recent work has focused on optimizing reaction yields through changing reaction
conditions and determining the best purification method. The electronics of NHBmes will be probed using
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fluorescence spectroscopy, and data obtained will also be used to help confirm computational predictions.
Stability tests must also be run to determine the stability of NHBmes to atmospheric LBs.
Additional characterization is required to more confidently prove the formation of 6, including
probing the reactivity of NHBmes toward the activation of small molecule processes. We are confident that
NHBmes has been formed, but more spectroscopy is needed. High resolution mass spectrometry and elemental analysis need to be run to add more conclusive data to the largely NMR spectroscopy-based characterization of 6 to claim without any doubt that the presented synthesis does indeed work.
In addition, the potential for this system to accommodate a borylene should be more deeply investigated. Borylenes, compounds featuring boron in its +1-oxidation state, are ambiphilic; they are simultaneous electron-pair donors and acceptors, reminiscent of transition metal d-orbitals (Figure 12). The lone
pair donation originates from electrons in an sp hybridized orbital, while borylenes’ accepting ability orig2

inates from their two empty sets of p-orbitals. Using an NHB with a halide, like bromine, would allow for
a halide abstraction yielding a borylene. Only one singlet free borylene was ever reported in the literature,
by Timms in 1967.69 Since then, significant advancements have led to isolable terminal borylene transition
metal complexes, displaying catalytic activity approaching established transition metal complexes.
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Figure 12: Orbitals relevant to substrate activation in borylenes and transition metal complexes. Reprinted with permission
from Chem. Rev. 2019, 119, 14, 8231-8261. Copyright 2019. ACS.
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14. Appendix

Figure 13: 11B NMR spectrum of B(Mes)F2 (1).
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Figure 14: 1H NMR spectrum of B(Mes)F2 (1).

Figure 15: 19F NMR spectrum of B(Mes)F2 (1).
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Figure 16: H NMR spectrum of 2,6-(2,2-dinitrostyryl) pyridine (2).
1

Figure 17: 1H NMR spectrum of pyridyl diamine (3).
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Figure 18: H NMR spectrum of pyridine clamshell (4).
1

Figure 19: 1H NMR spectrum of fluoromesityl borinium triflate (5).
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Figure 20: F NMR spectrum of fluoromesityl borinium triflate (5).
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Figure 21: 11B NMR spectrum of fluoromesityl borinium triflate (5).
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Figure 22: DOSY 2D NMR spectrum of fluoromesityl borinium triflate (5).

Figure 23: 1H NMR spectra stack of mesityl boron difluoride (1, top) and fluoromesityl borinium triflate (5, bottom).
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Figure 24: F NMR spectra stack of mesityl boron difluoride (1, top) and fluoromesityl borinium triflate (5, bottom).
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Figure 25: 1H NMR spectrum of mesityl N-heterocyclic diazaborole (6).
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Figure 26: H NMR spectrum of mesityl N-heterocyclic diazaborole (6), aromatic region.
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Figure 27: Assigned H NMR spectrum aromatic region of (6).
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Figure 28: Assigned H NMR spectrum aliphatic region of (6).
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Figure 29: 13C NMR spectrum of mesityl N-heterocyclic diazaborole (6).
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Figure 30: B NMR spectrum of mesityl N-heterocyclic diazaborole (6).
11

Figure 31: 19F NMR spectrum of mesityl N-heterocyclic diazaborole (6).
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Figure 32: HSQC spectrum of mesityl N-heterocyclic diazaborole (6).
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